A comparative study at the ambient temperature of the ferromagnetic resonance (FMR) spectra of Ni/ZnO and Ni/γ-Fe 2 O 3 nanocomposites (NCs) is reported. A microstrip transmission line technique was used to measure the FMR profiles and linewidths in the 8-24 GHz frequency range. The samples were placed at the center of a microstrip line where the derivative of the absorbed power was measured using a standard ac field modulation technique (10 Oe amplitude) and lock-in detection. The analysis of the FMR spectra can be interpreted as arising from aggregates of magnetic nanoparticles, each of which resonates in an effective magnetic field composed of the applied field, the average (magnetostatic) dipolar field, and the randomly oriented magnetic anisotropy field. It is found that frequency and applied magnetic field strongly influence the lineshape of the FMR spectra. Two observations are identified within the FMR spectra. On the one hand, the resonance field increased linearly with frequency as expected from uniform mode theory and yielded a Landé g factor in the range 1.48-2.05. On the other hand, there is no clear correlation between FMR linewidths and frequency. Inhomogeneity-based line-broadening mechanisms, due to the damping of surface/interface effects and interparticle interaction, affect the FMR effective linewidth.
INTRODUCTION
The recent emphasis on nanomaterials for various applications related to spintronics [1, 2] , magnetic recording media [3] , and magneto-optics [4, 5] has generated considerable interest in several magnetic metal-dielectric systems which have previously received very little attention. There are many instances in which we would like to control the microwave properties of nanocomposites (NCs), selecting from more than one possible magnetic component by adjusting for example parameters of exchange interaction between the individual constituents or, the magnetization-polarization coupling in multiferroic oxides through product property [6] [7] [8] [9] [10] . The required coupling between polarization and magnetization is difficult but has been achieved in a number of systems [11] [12] [13] [14] . Recently, several approaches to reach this "magnetoelectricity" at microwave frequencies have been suggested and experimentally observed [2, 12, 13] . In the sub-100-nm regime, magnetic particles are single domain, that is, the size of the system is smaller than the exchange correlation length, but the particles eventually form aggregates and apart from the dipolar interaction between the nanoparticles, other types of interactions, for example, intracluster exchange, may also become relevant. The magnetic properties of nanophases are determined both by the behavior of particles and by the spatial distribution of the aggregates which defines the magnetostatic interactions between them. The ability to probe magnetoelectric coupling on the nanoscale in NCs will open a new opportunity to develop novel high-frequency soft magnetic materials and pave the way for advances in nanoelectronics systems. A key feature of these approaches is the use of core-shell structures in which the metal nanograins are insulated by insulating layers, thus the conductivity of the system will be dramatically decreased, leading to a significantly reduced eddy current loss, while the coupling strength between neighboring magnetic aggregates can overcome the anisotropy and demagnetizing effect.
As part of a large effort to quantitatively model the electromagnetic transport properties in nanostructures, we have recently investigated on the microwave properties of NCs 2 Journal of Nanomaterials containing Ni, Co, ZnO, and γ-Fe 2 O 3 nanoparticles [15] [16] [17] [18] [19] [20] [21] [22] [23] . For these epoxy-coated particles, the distance of closest approach between particles is expected to be large enough for the interactions to have mainly a magnetostatic character [20] . Neither widely-used phenomenological models, nor ab initio effective medium theories (EMTs) are entirely successful in describing all experimental findings concerning the electromagnetic behavior of NCs. This is mainly due to the absence of finite-size and surface effects in these modeling approaches; see, for example, [16] [17] [18] [19] [20] . More and more evidence, coming from various researchers employing a panoply of techniques, points to the fact that electromagnetic wave transport, polarization, and magnetization mechanisms in NCs differ from those in bulk samples. Theoretical interest is also motivated by the suggestion that surface magnetic interactions and surface disorder can greatly enhance the effective magnetic properties of nanostructures, for example, coercivity as a consequence of the reduced crystal symmetry near the surface originating from the finite size and possible existence of surface disorder [24] [25] [26] [27] [28] . In particular, the set of compounds Ni/γ-Fe 2 O 3 and Ni/ZnO have proven fertile to study in order to examine the interplay between magnetic metal and semiconductor oxide as γ-Fe 2 O 3 is substituted into the ZnO member [20, 22] , which has been seen to occur in a wide variety of granular nanostructures. These nanostructures provide an ideal playground to experimentally investigate some fundamental phenomena connected with interparticle interactions because the specific surface area of γ-Fe 2 O 3 nanoparticles is more than three times that of Ni (see Table 1 ) causing the magnetic boundaries to strongly interact. The controllability in these systems allows a clean study of much complicated physics in a controllable fashion. Indeed, due to the large ratio of surface area to volume in nanosized objects, the behavior of surfaces and interfaces becomes a prominent factor controlling the physical and chemical properties of nanostructured materials. Reasons for this are the confinement of electrons in nanometric dimensions that gives rise to changes in the electronic distribution and thus in the optical, electromagnetic, transport, and so forth, properties and to the surface effects. A number of experimental techniques are currently being deployed in an effort to understand the dynamic magnetic properties of individual and aggregates of nanoparticles. In this regard, the ferromagnetic resonance (FMR) investigation of magnetic nanomaterials and NCs has received considerable attention over the years [21, [29] [30] [31] [32] [33] . FMR spectra, as observed in microwave spectroscopy, are a direct manifestation of the forces that determine the dynamical properties of magnetic materials [34] . The correct interpretation of FMR fundamentals can lead to an evaluation of the effective ferromagnetic resonance frequency ω res and Gilbert damping coefficient α which describe the details of the gyroscopic precession of the magnetization. However, the satisfactory characterization of the FMR characteristics in granular nanostructures has proved to be a challenge. Clearly, there remain fundamental questions about how the microwave magnetic response under magnetic fields, of granular heterostructures in which the constituents can exhibit product properties, can bring information on the role of intergranular exchange effect. The fundamental questions can be stated more generally as: what is the structure of the FMR line (single Lorentzian or composite lineshape), and what changes are initiated in the FMR line by the choice of the magnetic species, composition, and clustering of nanoparticles? These aspects would be expected to have a profound significance on the observed FMR properties of granular nanostructures. In such experiments, the resonance is probed by sweeping the applied field. The resonance fields provide a measurement of the effective field seen by the uniform precession mode that is excited by a uniform rf field. The effective field, H eff , contains contributions from the external field, the demagnetizing field, the exchange field, the magnetostrictive, and the magnetocrystalline energies. FMR results provide accurate measures of the static properties of magnetic composites, given by anisotropy constants, and the dynamic properties, given by the linewidth ΔH of the resonance which provides information on relaxation processes.
The impetus for this work stems from our recent investigations [21, 23] , employing microwave, spin-wave, and magnetic characterizations, of the structure-magnetic permeability and permittivity relationships for granular γ-Fe 2 O 3 /ZnO NCs. In [21] , we found that the FMR linewidth is very sensitive to details of the spatial magnetic inhomogeneities and increases continuously with the volume content of magnetic material. Different mechanisms were considered to explain the FMR linewidth: the intrinsic Gilbert damping, the broadening induced by the magnetic inhomogeneities, and the extrinsic magnetic relaxation. From these measurements, the characteristic intrinsic damping dependent on the selected material and the damping due to surface/interface effects and interparticle interaction were estimated. More specifically, we found that the inhomogeneous linewidth (damping) due to surface/interface effects decreases with diminishing particle size, whereas the homogeneous linewidth (damping) due to interactions increases with increasing volume fraction of magnetic particles (i.e., reducing the separation between neighboring magnetic phases) in the composite. With these considerations in mind and following the same experimental methodology in the current report we undertook a careful experimental study of the effective FMR mode's dependence and effective magnetization of granular NCs as a function on applied magnetic field and frequency, and composition. Emphasis is placed upon the understanding of properties such as the positions, linewidths, and shapes of the FMR lines. Another motivation for the present work was to look more closely at the similarity between the spectra of Ni/γ-Fe 2 O 3 and Ni/ZnO NCs to examine if common magnetization properties exist and how these commonalities may relate to the surface anisotropy contribution to the anisotropy of Ni and γ-Fe 2 O 3 nanoparticles.
This paper is divided as follows. We first give a brief reprise of the experimental conditions developed in [21] , and details of the materials under study. In Section 3, we present the FMR measurements and discuss the experimental results. The discussion focuses on both the frequency and magnetic field dependences of spectroscopic properties. The comparison of these results to similar analysis in γ-Fe 2 O 3 /ZnO NCs is also given. Section 4 concludes the paper and indicates the direction of further developments. Certain details related to the experimental results are relegated in a couple of appendices.
EXPERIMENTAL PROCEDURES

Materials and sample preparation
The samples studied herein were prepared by mixing the fine particules of neat Ni, γ-Fe 2 O 3 , and ZnO with a stable epoxy resin widely used for low temperature experiments (Scotchcast 265) and purchased from 3M. A series of 14 powdered NC samples with volume fraction of resin in the range 12-25% (see Table 2 ) were prepared. The nanosized powders were obtained from Nanophase Technologies Corp., Burr Ridge, Ill, USA. The powders were used without further purification. NCs of Ni and γ-Fe 2 O 3 with Ni volume fractions spanning 0 ≤ f Ni ≤ 05 range were prepared through powder pressing and characterized by conductivity and microwave frequency-domain spectroscopy (complex permittivity and magnetic permeability) [18] . The conductivity measurements indicate that the sample size is always below the skin depth for the entire range of frequencies considered (see Appendix A). Materials with nonzero conductivity display eddy (surface) current losses in addition to the FMR losses. Eddy currents shield the magnetic field from penetrating into the particles. However, following the experimental results and the discussion presented in [18] , we expect eddy current contribution to the losses to be negligible. The comparison with repeated measurements and fabrication protocols for these NCs gave a possible systematic error in our volume fraction of phases of no more than 5%. The detailed fabrication procedure to achieve homogeneous composition of the samples has been already described in [16] [17] [18] [19] . The morphology and size of the starting powders were determined by transmission electron microscopy (TEM). The purity of the phases was checked by X-ray powder diffraction (XRD) and the crystallite sizes were determined from the line broadening of the reflections using the Scherrer formulas. The grain sizes determined from analysis of bright field cross-sectional TEM images are consistent with the ones obtained from XRD (see Table 1 ). The fractional volume of voids (porosity) is deduced from density measurements in conjunction with the known volume fractions of ZnO, Fe 2 O 3 (or Ni), and epoxy. Two series of granular NCs will be considered: on the one hand, fine-grained composites composed of polycrystalline ferromagnetic Ni clusters in a nanocrystalline nonmagnetic (ZnO) host, and on the other hand, Ni clusters embedded in a host composed of ferrimagnetic γ-Fe 2 O 3 nanoparticles.
FMR and static magnetization properties
For VSM and FMR characterizations, the sample was cut from the initial piece of composite and polished to the cubic shape of 1 mm thickness, 1 mm length, and 1 mm width. A detailed analysis for the specific choice of these dimensions is contained in Appendix B.
The details of the FMR apparatus and procedure can be found elsewhere [21] . Briefly, FMR measurements, conducted in an in-plane field geometry have been done with a commercial spectrometer at frequencies in the range from 8 GHz to 24 GHz. The samples were placed at the center of a microstrip line where the derivative of the absorbed power was measured using a standard ac field modulation technique (10 Oe amplitude) and lock-in detection (Signal Recovery 7225). The cw microwave source consisted of an Anritsu MG3694B synthesized sweeper. The amplitude of the exciting field is evaluated to be 10 mOe, which corresponds to the linear response regime. The waveguide is characterized by a transmission line of 1 mm width, and a length of 10 mm, which is designed to have 50 Ω impedance. The magnetic field was applied normally to the sample plane and was measured using a Hall probe (Lakeshore 450). dc magnetization measurements were using a vibrating sample magnetometer (VSM), that allows a field sweep of ±10 kOe. All measurements presented in this research were performed at ambient conditions. It should be noted that M-H patterns from different positions of the sample were collected, denoted hereafter as perpendicular (per), or in-plane, and parallel (par), respectively. Before proceeding to discuss FMR results, a preliminary assessment of the magnetic state of the samples has been done through their magnetization (M) versus field (H) plots at 300 K. Typical hysteretic magnetizations corresponding to the Ni/ZnO (nNiZ8) sample containing 8.9 vol % Ni is shown in Figure 1 , for per and par positions, with a sharp increase in magnetization at low fields followed by a linear saturating behavior. Observe that the differences between in-plane and out-of-plane hysteresis loops of the sample are small. To extract some interesting information from the We first compare the effect of the Ni content on the magnetic properties for Ni/ZnO and Ni/γ-Fe 2 O 3 NCs. For Ni/ZnO, the M s values increase linearly (see Figure 2 (a)) with increasing Ni content. One feature of interest is illustrated in Figure 2 (a) by the solid line which shows that the linear response one would expect for an unmodified Ni phase with a 4πM s the same as that obtained for 100 vol %, that is, 4πM s = 6.1 kG [31] [32] [33] , cannot be reached: only 75% of this value is found. Hence the static magnetic response observed here cannot be totally explained by the demagnetization process of noninteracting Ni particles. Therefore, this result suggests that some interaction exists between the Ni boundary structures (aggregates). The coercivity H c (see Figure 2 (b)) for Ni/ZnO NCs exceeds the value of Ni/γ-Fe 2 O 3 NCs over the entire range of Ni volume fraction explored. This decrease in coercivity for the Ni/ZnO NCs upon increasing the Ni content is not due to the internal porosity since the value of porosity is almost identical for all these kinds of samples (see Table 2 ). Note that the coercivity observed for the Ni/γ-Fe 2 O 3 NCs remains constant in the range of Ni volume fraction explored. While Figure 2 (c) shows that the squareness ratio remains fairly constant at an average of 0.06 for the NCs with ZnO, which is significantly much smaller than the value predicted by the Wolfarth model predicting M r /M s = 0.5 for a random distribution of noninteracting uniaxial single domain particles, with coherent rotation of the magnetization. We believe that this deviation from this ideal value is due to interparticle interactions as a consequence of aggregation within the host matrix. We also observe a slow decrease of this ratio in the case of Ni/γ-Fe 2 O 3 NCs for Ni Vincent Castel et al. concentrations above 30%, albeit at a level which exceeds the squareness ratio for the NCs with ZnO.
EXPERIMENTAL RESULTS AND DISCUSSION
Magnetization of Ni
Further insight into the characteristics of these magnetic states is obtained by comparison with our earlier study [21] [31] [32] [33] , is obtained from the extrapolated value to the 100 vol %. Very recently, Kalarickal et al. [35] found a similar fact in a study of the static magnetic properties of ferrite (nickel zinc)-ferroelectric (barium strontium titanate) composite materials. Although there are some similarities between their samples and our samples, we believe that the differences in interpretation can be explained by different boundaries separating the particles in the samples. The ferrite particles investigated have dimensions of a few micrometers, while the aggregate sizes investigated here have significantly smaller dimensions. In addition, these boundaries differ significantly due to the amorphous (epoxy) interaggregate layer. Figure 4 . First, we observed that the FMR lineshapes are quite symmetric and undistorted at the lowest Ni volume fractions in the NCs. However, the FMR profiles are more complicated for Ni volume fractions larger than 30%, especially at high frequency. Indeed, one can observe that the derivative profiles of the main resonance are distorted by the presence of higherorder spin-wave modes on the high field side. A detailed examination of the actual FMR profiles shows a secondary peak which appears at the high field tail part of the absorption curve at about 10 kOe (see Figures 4(g) and 4(h)). Second, a weakly resolved line is clearly visible on the low field side at a nominal frequency of 10 GHz. The origin of the weak signal has yet to be elucidated, but it should be remarked that a similar weak signal (at about 500 Oe) was observed in nanogranular films composed of ferromagnetic amorphous Fe nanoparticles embedded in SiO 2 glass matrices [36] .
FMR in
The main resonance signal is due to an FMR uniform mode which corresponds to a uniform precession of all the magnetic moments coupled to the Ni particles. In Figure 4 , we see with increasing frequency the shift of the uniform mode to a higher field. The uniform mode frequency [34] [35] [36] [37] [38] may be obtained in the form ω res = γ(H res + H int ), where γ is the effective gyromagnetic ratio, and H res and H int denote the resonance field at frequency, ω res /2π, and the internal field, respectively. The data in Figure 5 show how the resonance Figure 6 (a)). The offset of the frequency data versus magnetic field serves to obtain the internal field H i . The difference between Ni/ZnO and Ni/γ-Fe 2 O 3 NCs is most clearly seen in Figure 6 (b). Here, H i is shown as a function of Ni concentration. The main effect of increasing the Ni content is to increase significantly H i for the Ni/ZnO NCs, for example, for Ni/ZnO H i (40 vol %) exceeds by a factor of three the corresponding value for Ni/γ-Fe 2 O 3 . As mentioned earlier, (long-range) magnetostatic intergranular interactions dominate the exchange (short-range) in these NCs. This explains the changes in the effective field H eff = H int + 4πM s as the Ni content is increased (Figure 6(c) ).
Additional insight into the relationship between composition, magnetic species, and resonance properties can be gained by comparing the FMR absorption versus field derivative profiles for Ni/ZnO (see Figure 4) and Ni/γ-Fe 2 O 3 (see Figure 7 ) NCs. Overall, the profiles displayed in Figure 7 are more complicated than those discussed above. The derivative profiles for the main resonance are distorted by the presence of higher spin-wave modes for all sample and frequency investigated. One sees large departures from a Lorentzianline shape which eventually indicates complicated interaggregates dipolar interactions, particularly in samples with large volume-filling factor. However, when one looks at the uniform mode frequency, plotted in Figure 8 The absorption profiles of loss versus field were obtained by integration of the raw data after baseline correction. An example (for a nominal frequency of 16 GHz) of FMR absorption curve of microwave loss versus static magnetic field is shown in Figure 10 . The analysis of the FMR peak shapes cannot be realized by making the assumption that the resonance has a simple Lorentzian-line shape. However, we note that the FMR peak shape changes from a Lorentzian to a more complex shape for sufficiently large values of frequency. It is important to ask how well the simulations match the data based on least-square fitting using a pure Lorentzian profile. An example of this type of plot for an Ni/ZnO NC with 25.5 vol % is shown in the inset of Figure 10 . Using this approach predicts linewidths that may be significantly different from measured values at low (<10 GHz) and high frequencies (>25 GHz). However, at intermediate frequencies, for example, at a nominal frequency of 16 GHz, we find that the difference is at most ±3%. Although FMR data taken separately could often be treated in impressive detail a consistent overall model of microwave losses has not been reached. Thus, in the discussion to follow, the FMR absorption curve has been primarily modeled in terms of a Lorentzian-line shape (at 16 GHz) and we will advance only a qualitative analysis of the FMR response.
Discussion
The issues and results outlined in the previous subsections call for further comment on: (a) the interpretation of the peak-to-peak linewidth in terms of the Gilbert effective damping parameter α, and (b) the role of anisotropy.
Commencing with item (a), we note that one of the major challenges for describing the dynamic magnetic response of magnetic heterostructures is the characterization of the damping mechanisms. Many theoretical approaches have been applied. Smith [39] has shown how fluctuationdissipation arguments can discriminate between alternative phenomenological damping models, for example, inhomogeneity and finite-size effects, which can complement traditional uniform magnetization descriptions of damped ferromagnetic resonance (FMR). A tensor of damping which reflects the anisotropy of the magnetic system was also derived by Safonov et al. [40] [41] [42] [43] [44] . Unfortunately, the damping processes in these materials often possess a manifestly phenomenological nature, and so many ab initio approaches, including the deterministic Landau-Lifshitz equation of motion with the Gilbert form for the magnetic damping term
culties with incorporating all damping mechanisms even for a monodomain ferromagnetic material, that is, beside intrinsic damping, there is also damping due to surface an interface effects, and interparticle interactions. In this continuum theory, M is the magnetization density, with magnitude |M| = M s equal to the saturation magnetization, γ is the gyromagnetic ratio and is given by γ = gμ B / , where μ B is the Bohr magneton moment and the Landé g factor (spectroscopic splitting factor), α is the dimensionless Gilbert-damping parameter [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] . H eff is the local (effective) magnetic field acting on M, which can include magnetostatic fields of external sources, crystal anisotropy, shape-dependent dipolar interactions, and exchange interactions which govern ferromagnetic spin-wave spectral characteristics [55] . We first turn our attention to the determination of the effective linewidth ΔH determined at 16 GHz. In Figure 11 (resp., Figure 12 ), we compare the Ni (resp., γ-Fe 2 O 3 ) volume fraction dependence of ΔH for the series of samples considered here. The results in these figures are for 16 GHz. The interesting information contained in Figures 11 and 12 is that there is a clear difference in the variation of ΔH with composition. In Ni/ZnO and Ni/γ-Fe 2 O 3 NCs, ΔH is in the range 1.8-2.6 kOe and increases linearly with Ni content. In Ni/γ-Fe 2 O 3 and γ-Fe 2 O 3 /ZnO, ΔH was roughly on the same order, but with important differences in the rate of increase (resp., decrease) with γ-Fe 2 O 3 content and the zero linewidth intercepts for γ-Fe 2 O 3 /ZnO (resp., Ni/γ- . It is worth observing that the total magnetic volume fraction contained in these samples is nearly constant ∼ = 60 vol %.
Fe 2 O 3 ). The conductivity of a metal/insulator NC system can be dramatically decreased compared with conventional metallic alloys, leading to significantly reduced eddy current losses. It was emphasized by Ramprasad et al. [56] that eddy current losses of composites consisting of ferromagnetic (monodisperse) particles embedded in a nonmagnetic matrix are negligible below 10 GHz, if the particle radii are smaller than 100 nm, while composites with larger particles display significant effective permeability degradation. However, the effect of substitution of a magnetic phase (high conductivity) by a nonmagnetic phase (low conductivity) in the γ-Fe 2 O 3 surrounding matrix is not related to the composition dependent conductivity [17] . Further work is needed to determine the origin of the FMR linewidth contributions displayed in Figure 12 , but in any event the slopes of opposite sign indicate that they are clearly different for γ- and Ni/γ-Fe 2 O 3 . The apparent match in ΔH ∼ = 2 kOe when the two straight lines cross each other at approximately 50% vol may be fortuitous (see Figure 12) . The effective linewidth, defined as the full width at half maximum of the absorption curve, is an important feature of the FMR modes. There are two main contributions to the linewidth: intrinsic and extrinsic. The intrinsic contribution is due to damping and is a fundamental characteristic of the magnetic material. The extrinsic contribution is due to the magnetic inhomogeneities which are contained into the material and anisotropy dispersion within the material. The peak-to-peak FMR linewidth of the uniform resonance mode ΔH gs related to the damping parameter α and is given by ΔH = 2αω/ √ 3γ, where ω is the angular frequency of the exciting field and where the coefficient of 1/ √ 3 is the correction of the difference between the full width at half maximum and the peak-to-peak linewidth for the Lorentzian-line shape. The observed effective ΔH and α are believed to be the result of inhomogeneity-related relaxation processes which increase the FMR linewidth from intrinsic values. Overall, one can say that the value effective damping parameter which is in the range 0.21-0.37 (see the inset of Figures 11 and 12) is consistent with the fact that for nanoparticles the damping parameter can exceed the bulk value for one order of magnitude or more [55] [56] [57] .
As noted in Section 1, another perspective to characterize these NCs came from the study of microwave properties using spin-wave (SW) spectroscopy [23] . The relative change of SW group velocity induced by the samples was observed to depend significantly on the chemical composition and volume fraction of magnetic species contained in the NC. It was argued that the peaks in the losses have a magnetic character and are due to spin excitations of magnetic nanoparticles. It was also observed that the variation of the SW velocity in Ni/ZnO and Ni/γ-Fe 2 O 3 showed opposite trends when the data were plotted as a function of Ni concentration. Now concerning item (b), we make several observations related to the surface anisotropy contribution to the anisotropy of Ni and γ-Fe 2 O 3 nanoparticles. Surface anisotropy becomes important only for particles with size less than, say, 100 nm. In this sub-100-nm regime, magnetic particles are single domain but the particles eventually form aggregates and apart from the dipolar interaction between the nanoparticles, other types of interactions, for example, intracluster exchange, may also become relevant. The magnetic properties of nanophases are determined both by the behavior of particles and by the spatial distribution of the aggregates which defines the magnetostatic interactions between them. As we have noticed earlier, the distance of closest approach between particles is expected to be large enough for the interactions to have mainly a magnetostatic character. It is interesting to observe that a set of bounds for the effective permeability of composites containing spherical (monodisperse) particles with a ligand shell coating was derived by Ramprasad et al. [56] , showing that this physicochemical attribute of the particles may become relevant when the ligand shell thickness is large compared to the particle radius. As previously mentioned [22] , it is believed that the differences observed in the gyromagnetic resonance spectra observed between the NCs are a consequence of effective magnetic anisotropy.
We would like to emphasize that the exact oxidation state and oxidation-layer thickness of Ni nanoparticles in the NCs are unknown. Because the samples have been prepared in ambient atmosphere, surface passivation by a thin layer of nickel oxide NiO is inevitable. Due to the large surface-areato-volume ratio, oxidation seems to be a persistent problem in core-shell nanoparticles. There have been a number of contributions to this problem, and although there is a consensus that the oxidation state of Ni has an impact on the magnetic properties, there is still ongoing debate on the role of oxide, with recent evidence from 57 Fe Mössbauer . This point may also underline the propensity of the material or defects within the NC to provide oxidation sources for the metal nanocrystals since it influences greatly the microwave magnetic response. We further note that the development of magnetic metal nanoparticles has been limited by the fact that they oxidize in air, forming either weakly magnetic or nonmagnetic oxides, resulting in the generation of stresses [58, 59] .
CONCLUDING REMARKS
We have presented a detailed study on the magnetization and FMR response of Ni/ZnO and Ni/γ-Fe 2 O 3 NCs. To summarize, the immediate conclusions that we can make from the experimental results presented above are as follows: (i) the analysis of the FMR spectra can be interpreted as arising from aggregates of magnetic nanoparticles, each of which resonates in an effective magnetic field composed of the applied field, the average (magnetostatic) dipolar field, and the randomly oriented magnetic anisotropy field; (ii) referring to the experimental data, it has been established that inhomogeneity-based line-broadening mechanisms, due to the damping of surface/interface effects and interparticle interaction, affect the FMR effective linewidth. The large value of the peak-to-peak linewidth cannot be taken as a representation of the intrinsic losses due to the inhomogeneous line-broadening contribution; (iii) particularly important is the fact that the FMR peak shape changes from a Lorentzian to a more complex shape showing distorsions for sufficiently It has been widely recognized that, at all length scales, the scale-relative properties of electromagnetic and magnetic systems vary with their size due to increasing edge-to-surface and surface-to-volume ratios. Thus, engineering useful NCs Vincent Castel et al.
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will require an understanding of how the physical properties of aggregates evolve with size and shape into those of bulk NCs. As recalled earlier, an additional problem is particle oxidation arising from the large surface-area-to-volume ratio. The fundamental nature of oxidation in nanometersized structures has received some recent attention [60] [61] [62] [63] [64] , however it is far from being well understood.
Before we conclude, we place our results in perspective. Challenges towards multiple functionality in NCs include design and preparation of materials that exhibit electric and magnetic fields-tunable electromagnetic wave transport properties. We are currently engaged in a systematic investigation of loss minimization of NCs for optimizing microwave applications. In a broader context, a similar analysis is planned for a series of piezoelectric-magnetostrictive NCs with a systematic variation in composition, control of internal strain, and magnetoelastically induced anisotropy due to large stress between the nanoparticles and the surrounding matrix, impurities, and porosity since it is well established that all of these preparation parameters are known to produce large linewidths. For that purpose, the consolidation of high density NCs, that is, by using hot pressing [65] , or hot isostatic pressing [66, 67] , is a critical step towards development of an optimal soft magnetic NC.
APPENDICES
A. EVALUATION OF CONDUCTIVITY AND SKIN EFFECT AND EDDY CURRENT ANALYSIS
In this appendix, we describe several details of the measurement of the dc conductivity, σ dc , of our NCs using the fourpoint probe technique. In Figure 13 , we show σ dc ( f Ni ) for Ni/ZnO samples. From Figure 13 , we observe that the data collected at low field exhibit an exponential increase between 10 and 40 vol % Ni and a change of slope at about 40 vol % Ni. In electrodynamics [68, 69] , it has been traditional to consider the skin depth as the distance δ through which the amplitude of the propagating wave decreases by a factor e −1 . For our low-conductivity NCs and considering the measured values of the effective electromagnetic parameters of these NCs [17, 18] , we find that δ is in the 10 2 -10 3 mm size range in the GHz frequency range, that is, much larger than the sample thickness. Thus, one can safely assume a full penetration of the microwave field into our samples. Similar measurements for the Ni/γ-Fe 2 O 3 NCs indicate that the values of σ dc ( f Ni ) are close to the values for Ni/ZnO NCs. Another important issue which has been previously discussed in [17] is the possibility of a direct observation of the intrinsic complex permittivity of the magnetic phases based on the measurement of the effective complex permittivity of the NCs and using a mean-field (effective medium) theory, for example, Bruggeman, McLachlan. At present there is no universal agreement about an effective medium theory that can self-consistently explain the various experimental measurements probing the dielectric properties of NC. We refer the interested reader to [17] for the details of the derivation. No conduction (percolation) threshold is evidenced indicating a disconnected nanoparticles network. In these powder compact composites, the presence of insulating grains and of the amorphous epoxy resin increases the conduction barrier height and therefore is expected to decrease the overall conductivity of the samples. However, even if the volume fraction of the nanoparticles-and hence the intergrain spacing-and grain size were independently adjustable, we have not yet studied the local charge transport mechanisms.
Several comments are in order. First, in composite with uniform dispersions of magnetic nanoparticles, the conductivity of the NC is determined mainly by the interparticle distance and eddy currents, produced within the particle that are extremely small at high frequency, are limited to individual particles or aggregates. We note that Ramprasad et al. [56] have shown, in their phenomenological modeling of the properties of magnetic nanoparticle composites, that in the 0.1-10 GHZ frequency range, particles with radii smaller than 100 nm are expected to encounter negligible eddy current losses. This was found true even at high particle volume fraction, when clustering of particles could result in aggregates much larger than the actual particles. Second, no signature for percolation threshold is apparent for the data collected; thus we infer from the weak f Ni dependence of σ dc that the Ni nanoaggregates should be separated in the ZnO matrix. It is well established by now that in ferromagnetic NCs, the shielding and dissipation due to eddy currents rapidly diminish with decreasing the particle size [70] . This has for effect to reduce the dielectric losses in metallic nanoparticles. Third, with dimensions of NCs well below the skin depth, the electromagnetic wave fully penetrates the sample and allows the contribution of the whole volume to the magnetic properties of the NCs.
B. INFLUENCE OF SAMPLE SHAPE ON INHOMOGENEOUS BROADENING
The purpose of this appendix is to briefly discuss the issue raised in Section 2.1, namely, the choice of the dimensions of our NC samples. Cubes with different nominal thickness in the millimeter size range were fabricated. The specific data shown in the experimental section (Figures 4 and 7) are for a 1 mm thick cube. Intuitively, one expects the present experimental condition to apply for sample thickness comparable or smaller than the width (1 mm) of the microstrip line (with reference to Figure 14) . The samples were placed in the microstrip with the homogeneous external static magnetic field applied perpendicular to the sample and the linearly polarized microwave excitation field h rf in the sample plane. Strictly speaking, the FMR equation that was used to determine the FMR field is only valid for spherical samples [37] . It has been widely recognized that because of inhomogeneities in the demagnetization field this may affect the broadening of the FMR peak. To discriminate between sample thickness and material on the observed broadening, we varied the thickness of our cubic samples. We illustrate the influence of the sample thickness (see Figure 14) for the absorbed power change of a representative sample (nNiZ6 containing 25 vol % Ni) as a function of applied magnetic field. These absorption profiles of loss versus field were obtained from direct integration of the raw data (measured derivative of the absorbed power versus applied magnetic field). One can see that the peak loss points in the graphs in Figure 15 are shifted up in field for the two smaller samples. The effective linewidth, taken as the full width at half maximum of the profiles in Figure 15 , are 2.4 kOe (resp., 2.5 kOe and 3.1 kOe) for the 1 (resp., 2 and 3) mm thick sample. The asymmetry of the absorption profile apparent for the 2 × 2 × 2 and 3 × 3 × 3 mm 3 samples is indicative of a departure from a Lorentzian line. Such inhomogeneously broadened line originates from a complicated interaggregate dipolar interaction due to large residual strains and porosity. On the other hand, the line shape for the 1 mm thick sample is symmetric. Increasing the thickness by a factor of three does not strongly change the FMR linewidth of the integrated power of the uniform mode itself, and indicates that H res (at 16 GHz) is not appreciably affected. The fact that no increase in FMR linewidth with thickness is evidenced supports also the conclusion that eddy current losses are negligible for this sample.
This interpretation also resonates well with the recent FMR and high-frequency analysis of ferrite-ferroelectric composite materials by Kalarickal et al. [35] , who studied how the shape (cubes and spheres with nominal diameters of 2 mm) of their composite samples influences the static magnetic properties. They found that cubes and spheres gave similar results for all the effective loadings of the ferrite component. Their FMR measurements were made on nominal 1 mm diameter spheres (for 100% ferrite material) or 3 mm diameter spheres (for the materials with lower loadings). Guskos et al. [71] investigated by FMR polymer composites containing as filler a binary mixture of Fe 3 O 4 and FE 3 C nanoparticles (30-50 nm) dispersed in a diamagnetic carbon matrix. These authors placed a square-shaped sample of 3.5 × 3.5 mm 2 cut out from the polymer sheet in the center of a TE 102 cavity, that is, at the local maximum of the microwave magnetic component and in the nodal plane of the electric component.
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